InTroduCTIon
Coronary heart disease (CHD), stroke and type 2 diabetes contribute to >800 000 deaths each year in the USA, 1 representing the first, third and seventh leading causes of death, respectively. 2 Direct and indirect economic costs of these diseases are staggering, approaching US$1 trillion annually. 1 Suboptimal diets are a major contributor to these cardiometabolic diseases (CMD), 2 3 and substantial disparities exist with regard to both dietary quality and mortality risk across income groups in the USA. 1 These burdens highlight the need for innovative systems investments to improve diet, reduce costs and reduce disparities among Americans.
Food pricing policies support and promote healthier dietary choices. [4] [5] [6] [7] [8] Such policies might also reduce dietary and health disparities, given the higher price-sensitivity of lower-income groups. 9 Eight US cities/localities have now passed taxes on sugar-sweetened beverages (SSBs), including four in the 2016 elections. 10 In addition, several pilot programmes now subsidise purchases of fruits and vegetables for low-income Americans, including a new US$100 million programme for the Supplemental Nutrition Assistance Program (SNAP, formerly Food Stamps). [11] [12] [13] [14] Yet, the potential impacts on health and disparities of similar national efforts in the USA are not well-established.
To address these issues, we combined nationally representative data with evidence from interventional and longitudinal studies on the effects of food pricing interventions to model the potential effects of price decreases for specific healthy foods (fruits, vegetables, nuts, whole grains) and price increases for specific unhealthy foods (SSBs, processed meats) on changes in dietary habits and mortality from CHD, stroke and diabetes in the USA. We evaluated the possible impact of both national pricing changes and additional targeted incentives within SNAP, the largest US nutrition assistance programme, which provides financial benefits for food retail purchases to ~42.2 million individuals (about one in eight Americans). 15 16 While SNAP has been successful at improving food insecurity, 17 the dietary quality of SNAP participants remains low 18 ; SNAP participants have higher mortality rates than Americans not on SNAP, even compared with income-eligible non-participants; and much of this excess death is due to CMD. 19 Evaluating the potential impact of national and SNAP-targeted food pricing strategies may help to inform important US policy discussions, including new nutrition-oriented provisions proposed in the SNAP reauthorisation as part of the next US Farm Bill, as well as taxes on soda and other foods being proposed and implemented in many localities. Such research report findings may also help to inform the potential impact of recently implemented or announced national food pricing frameworks in other countries. 20 21 This research was performed as part of the Food-Policy Review and Intervention Cost-Effectiveness Project.
MeThods study design
We used a comparative risk assessment (CRA) model 22 to estimate the effects of changes in food retail prices on dietary habits and cardiometabolic mortality in the USA among SNAP participants, SNAP-eligible non-participants and SNAP-ineligible individuals. The CRA model combined nationally representative inputs on baseline demographics, diet and mortality; effects of population pricing interventions on dietary behaviours from interventional studies and natural experiments and associations of dietary changes with disease outcomes from meta-analyses of prospective cohort studies; each according to age, sex and other underlying population demographics (each listed in online supplementary table S1 and described further below).
Current food consumption
Baseline national dietary habits of adults according to SNAP status were acquired from the National Health and Nutrition Examination Survey (NHANES), 23 24 averaging five cycles (2003-2012; n=20 102 adults with dietary data) to maximise precision in subgroups. Data from the most recent cycle (2013-2014) were not included because at the time of analysis, the US Department of Agriculture (USDA) had not yet released datasets to account for mixed dishes. SNAP participants were identified by whether someone in their household received benefits at some point in the previous 12 months; and SNAP eligibility by the primary USDA criterion of a household income-to-poverty ratio ≤1.3. As previously described, 23 we included all participants completing at least one 24 hours recall administered by a trained interviewer; the great majority of participants also completed a second 24 hours recall by telephone on a non-consecutive day. Data from available 24 hours recalls were averaged for each participant for each dietary target, and resulting intakes were then investigated by strata of interest including age (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) , 45-54, 55-64, 65-74 and 75+ years), sex and SNAP eligibility and participation status. We focused on four food groups for subsidies (fruits, vegetables, nuts, whole grains) and two food/beverage groups for taxes (SSBs, processed meats), based on existing experience and interest in altering their food prices and/or evidence for their effects on cardiometabolic outcomes. 22 25 Fruits and vegetables included any form: fresh, frozen, canned or dried. Dietary factors were modelled based on their mean and SD in each stratum using gamma (rather than normal) distributions, allowing for and incorporating skewed distributions.
Current population and mortality data
Baseline mortality rates from CHD, stroke and diabetes were derived from 2000 to 2009 National Health Interview Survey (NHIS) data, by age, sex and SNAP eligibility and participation status. 26 27 To estimate the absolute number of deaths within each age-sex-SNAP group, we used 2014 data from the Current Population Survey (n=88 595), 28 a sufficiently large sample to enable precise estimates by SNAP eligibility and participation group. The population size of each stratum was obtained from the 2014 American Community Survey. Further details on data development related to population and mortality estimates are provided in the online supplementary methods.
effects of price changes on food consumption
We modelled national pricing interventions as well as targeted interventions implemented through the SNAP electronic benefit transfer (EBT) card. The effects of price changes on dietary consumption were derived from a recent meta-analysis of longitudinal and interventional studies of food pricing changes. 8 For national pricing interventions, we incorporated evidence for modestly larger price-responsiveness among lower-income groups, 29 with an 18% greater price response among SNAP participants and SNAP-eligible non-participants, compared with SNAP-ineligible (higher-income) individuals. For example, based on these data sources, each 1% reduction in national food price was estimated to increase fruit consumption by 1.31% among SNAP-ineligible individuals, compared with 1.54% among SNAP participants and SNAP-eligible non-participants.
For SNAP-targeted interventions operating through the EBT card, we used results from the SNAP Healthy Incentives Pilot (HIP), a randomised trial of food subsidies for purchasing fruits and vegetables. 12 13 Because most SNAP participants also purchase foods with their own funds outside the EBT system, 13 we modelled a smaller net effect of this intervention on total dietary consumption. For these SNAP-specific interventions, a 1% reduction in price would lead to an average 0.87% increase in consumption among SNAP participants. The details of our price response assumptions are provided in online supplementary table S2, and the distribution of population by age/sex and SNAP category are provided in online supplementary table S3.
effect of dietary changes on disease outcomes
Methods for identifying, synthesising and validating evidence to estimate effect sizes (relative risks) for associations between dietary factors and cardiometabolic end points have been described in detail. 22 30 Briefly, aetiologic effects were obtained from meta-analyses of prospective studies for both direct diet-disease relationships (eg, fruit intake and CHD) and, for SSBs, additional effects mediated by changes in body mass index (see online supplementary table S4). We incorporated declining proportional effects of dietary factors on disease end points with age, as previously described. 25 Several validity analyses assessed *The modelled price change reflects the final retail price, without assumptions about the specific mechanism for the price changes. For example, lower prices (subsidies) could be achieved by subsidies for agricultural production, storage or transport; R&D or tax incentives for food manufacturers, retailers and restaurants or direct subsidies to wholesalers, retailers or consumers. Higher prices (taxes) could be achieved by changes in agricultural policies; tariffs or excise taxes at manufacturer, wholesaler or retailer levels. †The SNAP-targeted subsidy operates through EBT cards and is in addition to the national subsidy or tax. EBT, electronic benefit transfer; SNAP, Supplemental Nutrition Assistance Program.
the potential influence of confounding as well as bias from health effects of overall dietary patterns, including compared with findings from randomised controlled trials. 22 30 These validity analyses demonstrated that estimated effect sizes for individual dietary components were very similar to what would be expected based on these other independent lines of evidence, including from trials.
Pricing interventions
We evaluated two levels of price changes (10%, 30%) based on recent existing and proposed interventions of food subsidies and taxes. 7 12 13 31 We modelled the impact of subsidies alone (on fruits, vegetables, nuts, whole grains), or these subsidies plus additional taxes (on SSBs and processed meat); and at nationwide levels alone, or at nationwide levels plus additional SNAP-specific incentives. The resulting six interventions are shown in table 1.
Our modelling evaluated the final retail price changes, without assumptions about the mechanisms of pricing changes. For example, lower prices (subsidies) for fruits, vegetables, nuts and whole grains could be potentially achieved by direct subsidies to wholesalers, retailers or consumers; subsidies for agricultural production, storage or transport or research and development or tax incentives for food manufacturers, retailers and restaurants. Similarly, higher prices (taxes) on SSBs and processed meats could be achieved by changes in agricultural policies; tariffs; fees or (most commonly) excise taxes on food manufacturers, distributors, wholesalers or retailers. 32 For the SNAP-targeted subsidy, we assumed this would operate through the EBT system and apply to fruit, vegetables, nuts and whole grains.
statistical analysis
The CRA model separately assessed stratum-specific mortality outcomes for CHD, stroke subtypes and diabetes, which were summed to quantify total stroke and total CMD (CHD, stroke and diabetes) mortality. Estimated changes in absolute mortality (deaths/year) and proportional mortality (per cent of CMD deaths) were calculated for each age-sex-SNAP stratum (see Supplemental Methods for additional detail). For the main statistical analyses, we summed across the age-sex strata to report estimated changes for all adults in proportional mortality (per cent of CMD deaths) and mortality per 100 000 adults in the population, by SNAP participation and eligibility status. The main results reported estimated changes in mortality outcomes for the actual US populations of SNAP participants, SNAP-eligible non-participants and SNAP-ineligible (higher-income) individuals, in response to the six interventions. Given the much lower mean age of SNAP participants compared with both SNAP-eligible non-participants and ineligible individuals (see online supplementary table S3), we also adjusted for age-sex distributions by reporting (a) the estimated changes in mortality for each detailed age-sex-SNAP stratum and (b) the age-adjusted and sex-adjusted summary results for all adults. Sources of uncertainty were incorporated into all results by means of multiway probabilistic sensitivity analyses, jointly accounting for statistical uncertainty in baseline dietary research report consumption, main effects of food pricing changes on dietary intakes and associations of dietary changes with mortality. Monte Carlo simulations (1000) provided a final central estimate derived from the median (50th percentile) result, and 95% uncertainty intervals (UIs) from the 2.5th and 97.5th percentile results. Analyses were performed using R V.3.2.4 (Vienna, Austria).
resulTs

Current us dietary intakes and responses to food pricing interventions
At baseline, consumption of fruits, vegetables, nuts and whole grains were each below dietary recommendations in all groups, with the shortfall larger among SNAP-eligible non-participants and especially SNAP participants, compared with SNAP-ineligible Americans (table 2) . For example, compared with the recommended consumption of about 120-160 g/day (1.5-2.0 cups/day), fruit consumption was 76 g/day among SNAP participants, 98 g/day among SNAP-eligible non-participants and 114 g/ day among SNAP-ineligible adults. Similarly, intakes of SSBs and processed meat were higher than optimal for all groups, with disparities by SNAP participation and eligibility status. For example, mean intake of SSBs was 518 g/day (2.2 eight-fl.-oz servings/day) among SNAP participants, 413 g/day (1.7 servings/ day) among SNAP-eligible non-participants and 293 g/day (1.2 servings/day) among ineligible individuals.
Average changes in intake in response to a 10% nationwide subsidy or tax varied according to SNAP eligibility and participation (table 2). The UI reflects sampling variation in the NHANES source data. Absolute changes (g/day) were dependent on both price elasticity (modestly higher among lower-income individuals) and baseline consumption levels (generally lower for healthier foods and higher for unhealthy foods among lower-income individuals). For example, a 10% reduction in the price of fruit generated an increase of 11.7 g/day among SNAP participants, 15.1 g/day among SNAP-eligible non-participants and 14.9 g/day among SNAP-ineligible Americans. By contrast, based on both higher price-responsiveness and higher baseline intake, a 10% price increase for SSBs and processed meats led to greater absolute reductions among lowest-income individuals. For example, a 10% price increase in SSBs generated a reduction of 38 g/day (0.16 servings/day) for SNAP participants, 30 g/day (0.12 servings/day) for SNAP-eligible non-participants, and 18 g/ day (0.07 servings/day) for SNAP-ineligible individuals.
In response to 30% nationwide price changes (interventions 2a and 2b), changes in intake were correspondingly larger (see online supplementary table S5). With the 30% SNAP-targeted price subsidy plus 10% national price subsidy (intervention 3a), changes in intake for the SNAP group were approximately the same as for the 30% national price subsidy (intervention 2a) (see online supplementary table S5), because the additional impact of combining national and SNAP-targeted interventions was offset by the lower estimated price-responsiveness for the subsidy operating through the SNAP EBT card (see online supplementary table S2).
estimated effects of food pricing interventions on cardiometabolic mortality
The national 10% subsidy (intervention 1a) was estimated to prevent 2.2% of all CHD deaths, 5.5% of all stroke deaths and 0.9% of all diabetes deaths, with negligible effects on disparities by SNAP participation and eligibility status ( figure 1, table 3 ). The UI reflects multiple sources of uncertainty, including sampling variation in the NHANES source for the food intake data and uncertainty in the price elasticity estimates and the relative risk estimates. Overall, this intervention was estimated to reduce the US CMD deaths by approximately 2.6% (see online supplementary table S6). This mortality reduction amounted to 19 600 deaths/year nationally (table 4, online supplementary  table S7 and S8). Corresponding estimates with adjustment for the age/sex distribution within SNAP participation and eligibility groups are provided in online supplementary table S9 and S10.
Adding a national 10% tax (intervention 1b) increased the numbers of both CHD and diabetes deaths prevented. Overall, this intervention was estimated to prevent 5.9% of all CMD deaths among SNAP participants, 4.8% among SNAP-eligible non-participants and 4.1% among SNAP-ineligible non-participants ( figure 1, supplementary table S6, S8 ). This combined intervention reduced the US CMD by 33 700 deaths/year (see online supplementary table S8), and also reduced disparities, with largest benefits among SNAP participants. The combined national 30% subsidy and 30% tax (intervention 2b) had larger absolute benefits and similarly reduced disparities, preventing 11.5% of CHD deaths, 15.2% of stroke deaths and 16.2% of diabetes deaths among SNAP participants (table 3) .
The combination of 10% national subsidy, 10% national tax and 30% SNAP-targeted subsidy (intervention 3b) was estimated to reduce the US CMD deaths by 10.2% for SNAP participants, 4.8% for SNAP-eligible non-participants and 4.1% for SNAP-ineligible non-participants (figure 1, online supplementary table S6), representing 37 500 deaths/year prevented nationally (see online supplementary table S8). This intervention had the largest benefits on disparities, with twofold to threefold larger percentage reductions in proportional CMD mortality among SNAP participants, compared with SNAP-ineligible adults (table 3) .
dIsCussIon
We modelled, based on nationally representative datasets, the potential effects of specific food pricing interventions on national cardiometabolic mortality as well as disparities according to SNAP participation status. Our findings provide several new inferences. First, the potential effects of modest food taxes and subsidies on CMD mortality were large. A 10% national subsidy on four healthy food categories was estimated to reduce about 19 600 CMD deaths/year, or approximately 2.6% of all CMD deaths; while a 30% national subsidy generated a 7% reduction in CMD mortality. Adding a tax on SSBs and processed meats led to an approximate doubling of these national benefits. Second, national subsidies alone similarly benefited all groups, with negligible effects on disparities by SNAP participation and eligibility. In contrast, the addition of taxes was progressive for health, with the greatest benefits among SNAP participants due to both higher price-responsiveness and higher baseline intakes of these unhealthy foods. The addition of a targeted SNAP incentive led to the greatest reductions in disparities, with approximately twofold to threefold larger proportional reductions in CMD among SNAP participants compared with SNAP-ineligible adults.
Results of population interventions in Massachusetts, 12 13 Minnesota 14 and Mexico 6 7 support healthier dietary choices as a result of subsidies on healthier foods and taxes on less healthy foods. A recent analysis by our group used the US IMPACT model to compare the mortality effects of fruit and vegetable media health promotion campaigns versus price policies on CVD mortality, finding that pricing policies had larger effects and were also more equitable for benefits by race. 31 While assessment of cost and cost-effectiveness were beyond the scope of the present investigation, a recent cost-effectiveness analysis by Basu et al estimated that, for SNAP participants, raising the price of SSBs would offer a substantial benefit for health and a net cost savings from lower healthcare utilisation, while a produce subsidy would have more modest impacts. 33 The six distinct policy interventions provide new evidence on an array of options with complementary tradeoffs between political feasibility, national mortality impact and effects on disparities.
Our investigation has several strengths. Nationally representative datasets on dietary habits, CMD risk factors and death rates provide generalisability to the US adult population. Our Prevented deaths as % of total diabetes deaths (95% UI) *Six policy interventions as described in table 1: (1a) national 10% subsidy, (1b) national 10% subsidy and 10% tax, (2a) national 30% subsidy, (2b) national 30% subsidy and 30% tax, (3a) national 10% subsidy plus 30% subsidy for SNAP purchases, (3b) national 10% subsidy and 10% tax plus 30% subsidy for SNAP purchases. Figure 1A and online supplementary table S6 report combined results for total CMD (CHD, stroke, diabetes). CHD, coronary heart disease; CMD, cardiometabolic disease; SNAP, Supplemental Nutrition Assistance Program; UI, uncertainty interval.
research report modelling accounted for differences for each population group in baseline dietary intake, baseline CMD mortality and price-responsiveness, as well as differential proportional effects of dietary changes on CMD by age, each of which are relevant to the magnitude of estimated benefit. We accounted for smaller potential effects of SNAP-targeted pricing changes, as individuals receiving SNAP may also purchase foods with their own money outside the programme. Our approach considered and jointly incorporated multiple sources of uncertainty, including in baseline food intake, price-responsiveness and associations of dietary changes with mortality. Potential limitations and opportunities for future research should be considered. In these interventions, we modelled own-price responses of foods and not complements or substitutes. Yet, this is consistent with the evidence base used for aetiologic effects of these food intake changes, which were derived from long-term longitudinal studies that implicitly account for the average long-term complements and substitutes when estimating health effects. For example, the estimated effect of SSB changes on BMI is much smaller than would be estimated based on the reduced calorie content from SSBs, 22 reflecting the partial substitution of other caloric drinks or foods. Future research can evaluate how such average effects could be strengthened by complementary policy focus on specific complements or substitutes. The NHIS data on SNAP participation is for a single point in time. The USDA data show that, for SNAP participants in any given month, half are in spells of 8 years or more. 34 We used the best available evidence to estimate effects of dietary changes on CMD mortality, but did not forecast the dynamic time path of mortality change. We included both sampling variation (for NHANES intake data and mortality estimates) and non-sampling variation (in the UI for price elasticities and relative risks) in the reported UI estimates, but recognise potential additional uncertainty beyond what we could quantify. While every effort was made to maximise validity, minimise bias and incorporate heterogeneity and uncertainty, our modelling findings cannot prove that these pricing strategies would reduce CMD. As with any intervention, our findings should be considered the average population effect; for any individual person, health effects could vary depending on other characteristics. We limited our investigation to six dietary factors with strongest evidence, not including many other dietary factors which may influence cardiometabolic health.
These results provide timely and important estimates of national impact on CMD mortality and disparities. They provide motivation for further pilot testing of price interventions in both the SNAP population and the general population. SSB taxes are being rapidly adopted by a growing number of municipalities, including Berkeley, Philadelphia, San Francisco, Boulder and Seattle, among others. 10 The SNAP HIP 12 13 in Massachusetts has been followed by an independent pilot study that includes an SSB limitation, 14 and also by additional fruit and vegetable incentives in local retail channels through USDA's Food Insecurity Nutrition Incentives pilots in selected locations. The Farm Bill, omnibus legislation that reauthorises SNAP as well as crop insurance and farm subsidy programmes, is expected to be revised in 2018. Our results suggest a need to consider how a suite of agricultural and food pricing policies, together with potential pricing disincentives rather than outright restrictions, can be best invested to help reduce prices of fruits, vegetables, nuts and whole grains and increase prices of SSBs and processed meats in both SNAP and nationally.
What is already known on this subject ► Coronary heart disease, stroke and type 2 diabetes are major contributors to the US mortality. ► These diseases strike especially hard for low-income populations, including participants in the Supplemental Nutrition Assistance Program (SNAP). ► For prevention, there already has been great interest in using tax policy for sugar-sweetened beverages (SSBs). ► There also have been pilot demonstrations for using subsidy policy for fruits and vegetables for the SNAP population.
What this study adds
► Moving beyond just SSB taxes and SNAP subsidies, this study systematically analyses the potential mortality reduction from a more comprehensive set of policy interventions for taxes (SSBs and processed meat) and price subsidies (fruits, vegetables, nuts and whole grains) in three relevant populations (SNAP participants, SNAP-eligible nonparticipants and SNAP-ineligible non-participants). ► The study finds that combining general price policies for the full population with SNAP-targeted subsidies has the greatest simultaneous effect on reducing cardiometabolic disease mortality and disparities in mortality.
